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VISCOUS-INVISCID INTERACTION ON OSCILLATING AIRFOILS IN SUBSONIC FLOW

W. J. McCroskey* and S. L. Pucci
t

U.S. Army Aeromechanics Laboratory (AVEADCOM)'

Ames Research Center, Moffett Field, California

Abstract The free-stream Mach number was varied between
0.07 and 0.30, with important consequencies; how-

Selected results from an extensive oscillating- ever, only the data at M. = 0.30 are presented
airfoil experiment are analyzed and reviewed. Four here. For this Mach number, the Reynolds number was
distinct regimes of viscous-inviscid interaction approximately 4 x 106 based on chord, and the
are identified, corresponding to varying degrees of reduced frequency parameter, k = wc/2U, varied from
unsteady flow separation. The dominant fluid 0 to 0.20.
dynamic phenomena are described for each regime.
Ten specific test cases, including the appropriate Details of the instrumentation, experimental
flow conditions and experimental results, are pro- procedures, measurement uncertainties, and test con-
posed for evaluating unsteady viscous theories and ditions, as well as the coordinates of each airfoil,
computational methods, are documented in Ref. 2. That reference also

describes the computer data tapes, which will be

made available upon request.
(\:nt roduction

Important viscous phenomena combine with II. Summary of the Viscous-Inviscid
unsteady effects in a variety of current aeronauti- Interaction Regimes
cal, hydrodynamic, and wind-energy problems. Con-
sequently, several recent investigations have The overall featur-s of the flow field around
attempted to predict, compute, or empirically cor- an airfoil in subsonic flow are primarily charac-
relate the unsteady airloads on oscillating airfoils terized by the degree or extent of flow separation.
that experience varying degrees of flow separation, For a given airfoil, the primary parameter that
and additional work is in progress at a number of determines the degree of separation is the maximum
research centers. The results are mixed, and con- angle of attack (ama x = a o + 'I for sinusoidal
flicting claims abound; this is partly because the oscillations). An important aspect of the flows
difficulty of the problem increases rapidly with discussed in this paper is the large amplitudes, tl.
increasing amounts of separation, and partly because that produce the large maximum angles. This con-
definitive data over wide ranges of separated flow trasts with the hierarchy of viscous effects on
conditions do not exist, oscillating airfoils at transonic speeds and low

angles of attack,
3,4 

where the scale of the inter-
The authors and their colleagues have recently action is governed primarily by the strength and

concluded an extensive experimental investigation of motion of the shock wave. So far, prediction
boundary-layer transition, separation, and unsteady methods for this class of problems have not been
stall on oscillating airfoils in two-dimensional successful for the low-speed, high-angle probhimiis.
subsonic flow. The experiment included more than 'and vice versa.
50 combinations of M_ and parameters of the
unsteady motion for each of eight different airfoil The importance of amax is illustrated in
sections. Highlights of the principal results, Fig. 2, which portrays four important regimes of
insofar as the extensive lift, drag, and pitching viscous-inviscid interaction for oscillating .ir-

moment data are concerned, were described recently foils. For the left-hand part of the figure, th.it
in Ref. I. The purpose of the present paper is to is, camax = 130, there was almost no separation
extract from a imited number of these test points, throughout the cycle, although unsteady boundary-
the specific details and experimental information layer displacement thickness effects were not corni-
that might serve to guide the development of new pletely negligible. When "max was increased to
unsteady viscous theories and computational methods. 14', the limited separation that occurred during .i
A hierarchy of model problems can be developed, small fraction of the cycle distorted the hysteresis
corresponding to increasing amounts of interaction loops of the unsteady pressures and airloads. iom
between the viscous and inviscid parts of the flow a practical standpoint, the effect on CM  is
field. Within each level, specific sets of data are particularly impoctant. This stall-onset conditi,,n
proposed that can be used as test cases for evaluat- represents the limiting case of the maximum lilt
Ing existing and future prediction methods, that can be obtained with no significant penalty in

pitching moment or drag.
The data for the present paper were obtained

from the three airfoils shown in Fig. 1. Pressure A slight additional increase in to 15
and hot-wire instrumented models, 0.62-m chord and produced a major increase in the extent, ,everty.
2.1-m span, were oscillated in pitch, and duration of the separation phenomenon, for thc
, = t, + x, sin wt, about an axis at x/c = 0.25 conditions shown in Fig. 2. This type of viscous-
in a 2.1- by 3.0-m atmospheric-pressure, solid-wall inviscid interactioo produced what is called light
wind tunnel. The effects of the tunnel walls are dynamic stall.' Further increases in 'max led to
thought to be small, but not negligible. the deep dynamic stall regime, with a large viscous
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airfoil motion, a(t). To a first approximation. M. following four examples are arranged in tie order of
and leading-edge geometry are the principal deter- increasing levels of complexity.
minants of the type of boundary-layer separation
(for example, leading-edge, trailing-edge, or mixed Case 1: NACA 0012, a - 5o + 5* sin -t
separation characteristics), although changes from
one type to another can occur as the frequency of Figure 4 illustrates the basic features of an
the oscillation increases.1 For a given class of oscillating airfoil with amax  rather large but
separation or stall behavior, the amplitude a and well below the static stall angle. The boundary
reduced frequency k - wc/2U. largely determine the layers on both the upper and lower surfaces were
stall and reattachment angles and the size and shape fully attached throughout the cycle, except for a
of the hysteresis loops; or alternatively, the depar- small separation bubble near the upper-surface
ture from quasi-static behavior, leading edge for a 5, which produced transitio,.

from laminar to turbulent flow.
More detailed descriptions of the various stall

mechanisms can be found in Ref. 1, Refs. 5-7, and Figure 5 shows the details of the unsteady
elsewhere. However, it is apparent from the brief pressure distributions by harmonic components. The
remarks above that passing from no stall to deep Cp values are plotted vs rx rather than x, so as
dynamic stall encompasses a wide range of viscous to stretch out the leading-edge region where the
flow phenomena, and that realistic but efficient variations, and the discrepancies with linear
prediction methods should probably be tailored to theory, are the greatest. Linear theory predicts
the specific characteristics of the flow regime of C_- - 0 and equal and opposite values for the
interest. The following sections provide some spe- individual components of Cp, and Cpi on the upper
cific experimental information and test cases that and lower surfaces, which is clearly not the case
can be used in developing and validating new anal- in reality. However, the general trends of tEie
yses and computations for each regime depicted in measured pressures are precisely those suggested hy
Fig. 2. the linear superposition concepts indicated in

Fig. 3, provided the nonlinear Bernoulli equation
is used, as mentioned above.

1i1. No Stall: Weak Interactions

It is Interesting to note that linear theorv
General Features gives a much better estimate of the ',,',-

between the upper and lower surface pressures, than
If viscous effects are confined to thin bound- it does of the single-surface values. As a result.

aty layers, the primary effects of oscillation can the mean and fluctuating values of the lilt cotl i-
be derived from unsteady thin-airfoil theory. The cent given by Eq. (2) are approximately correct
first-order results for pressure and lift take the for this case.
following form:

Finally, there is at point to be mad' abo1ut ..
2 / frelatively minor aspect of ie,, lilt btehav'ior 1,,wn

Cp I ; a l - 1--_x fi(x ' t) (I) 
/

p 1 - M2 in Fig. 4. The hysteresis in CI, versus , i
slightly different from that prdlt'id i\ IIti,,i
theory. This small diitetenc', i tls, widilt lt ill

2',a tresults o tie other plotl i it,., mighit 1,. .ii I 11-.C . 1 - f2 t 2 tEli effect of airfoil thickni,s. bil it i!, . t),
trend predicted for wall iinit 'cr et t ,, t ...
Computations or inllyse.s t" ll ,'t till _-. ,,

where the minus and plus signs refer to the upper paper should incItide tilt solld Wil, tilltll 1 1_
and lower surfaces, respectively. All of tEie outer boundaries, iilthr I tt, 11 't 1 i
unsteady effects, such as amplitude and phase changes
with respect to the motion a(%t), are contained in Case 2: NIR-7301, , a ', + sin I
the" fiunc t ions fI and f:. The remaining terms In
Eqs. (I) and (2) are easily recognized as the solu- Dlifering frotl uls I only a ill I
lion for a flat plate in steady flow. and Case 2 produced the dat. plotti.d it 1 1,. t,,
f .f, - I in tilt, quasi-steady limit. The details effects of both thi ckit,, and , t *, t l , I ".
of these unsteady solutions are readily available in in the mean pressil, di t i titut in. i- i,
the vast literature on thin-airfoil theory (e.g., expected. However, th t ,in I nut ii!. 'i .,il.
Ref. 8). to be much less s nst iv, to i, I til , I

and are mainly affected bv tl l t it i i ,  t
A numbet of secondary effects, such as airfoil geometry. Tile I eatini-cig, i . ,. , I

thickness and camber, finite mean angle of attack, of the 0012 airtolI, id .tqu.'i' Iv. miid
large-amplitude motion, boundary-layer displacement values of C ne.l tile leadutip g i'dg' i,- I,-
thickness effects (including small amounts of separa- NLR-731I ai r ill. It should be Iolr *d titl Iit,it
tion), and wind-tunnel wall corrections, can be theory for this cast, is ide.llti,.i I t t1.t I,
obtained, at least qualitatively, by superpositton Case I.
of individual corrections to the unsteady flat-plat.
solution. This is indicated schematically in Fig. 3 Case 3: NACA0012. o- 8'+ S' sin .t
for the surface velocity. U. For quantitative pre-
cision, the pressure should be calculated from Ii Figure 7 shows the principal resti t 1,q iil.,
uid l1/it, ulsing the nonlinear Bernoulli eqiliation, more complex case. Increasing i has two m.,in
Although conceptually rather simple, accurate pre- effects, compared with Case I. Vliist, tll-. I l1i tuil-
di ctitins of these effects are not trivial. Conse- Ing pressures increase du, to tiln, Iollll.. l n t _111t
.Itentlv. experimental test cases in thi s weak Inter- butions of mean angle vffvtcts. Seconid. tilt, 1Ulli it,ioti on regime represent the first level in the surface boundary layer thickens. 'speti'li.tv Illi.
hlier.rcliv of model problIems to be considered. rill. trailing edge. To 'li el-M rt i'llt't is is st 1r kilu tun I



UT' =7 i i F It _- 7

for the in-phase pressure distribution near the of the figure are ditferent from those A i lb, pt.-
leading edge, whereas the latter Is the main reason ceding no-stall case. amax - 13*, shown III Ig M.
for the change in the out-of-phase component of Ci,. but the effects on the out-o)f -phas. and sr-. nd-
This change in quadrature pressure is also reflected harmonic components are particularly aat,*w,'tlay.

in the sense of the CL - ax hysteresis loop (not
shown), which was opposite to that of the two pre- Case 6: Vertol VR-7, a - 10' H' int ,t.
vious cases. Again, the linear-theory curves of 0U.025S it S 0.20
C /lx. omitted for clarity in Fig. 7, would be iden-
tical to those shown in Fig. 5 for Case 1. In contrast to the MACA 001." se~ti.'n. .a well-

defined thin layer of reversed VISCOUS t low devvl-
Case 4: NLR-7301, at - l0* + 5* sin wt oped in the trailing-edge regioan in tha% ,t.

1 
l-iuasvt

and light-stall regimes with the VR-7 airfoil. F,,t
In Case 4, a thin layer of reversed boundary- Case 6, the rhordwise extent of this reversed I low

layer flow was detected moving forward from the was strongly dependent on reduced freqtaenev. rhis
trailing edge to approximately midchord as a is illustrated in Fig. 11, which shows the' loci "t
approached Ltmax. The front edge of this reversed- the point T, = 0 on the airfoil surface as5 .3 lanc-

flow layer then retreated toward the trailing edge tion of time for three values of k. The reverse*d-
as a decreased to a0 , without ever producing flow region is clearly delayed and suppressed by
large-scale separation of the boundary layer. increasing unsteady effects.
However, the interaction with the inviscid flow pro-
duced the distortions in the fluctuating pressure The upper-surface pressure distributions .are

distribution on the rear half of the airfoil that qualitatively similar over the experimental ringe ot

are evident In Fig. 8. It should be mentioned that frequencies, as shown in Fig. 12. However. Fig. 13
these quantitative pressure data may suffer somewhat shows that the extent of the trailing-edge separa-
from the effects of tunnel aide-wall boundary-layer tion has an important quantitative effect, and only
contamination. Nevertheless, they give a good quai.- the example at k - 0.20 can be considered trulyi
tative indication of the effects of mild trailing- representative of stall onset. For k < 0.1o, tile'
edge separation on this airfoil and on the VR-7 results exhibit many oif the characteristics of tile
airfoil, next level in Lte hierarchy, light stall.

IV. Stall Onset: Mild Interactiton V. bight Stall: S.trong InteractIiona

GeneralI Featt ores General Features

'rhis regime has ::. special practical signifi- This regime for oscillating airtoils slates
cance, ats discussed in Sec. 11. For the purposes of some of the general features oif e lassiecal static
mathemaitical modeling, the no-stall and stall-onset stall, such as a loss of lift and significant
regimes are similar, since the viscous layers remain increases in drag and nost'-down l1 tciilg mome'nt com-
relatively thin. However, the challenge to predic- pared with the theoreticl1 inc iscid val ues, whten

ion met hods is greater, because the magnitude If exceeds aI certain valu te. I n add it ion, the'iiil,'if
the v iscous-inviscid interaction increases rapidly stall1 behiavior is chiaractIeriz~ed liv litg pht'.
with small increases in amiax in the stall-onset and hyvstereses in thle sepa ration ind real Ia.- lieii ot
regimhe. Furthermore , depending on the a irio il geom- Lt e V ISCOUS f low anid, con seque'ntly I y*inI te. jii I'.id:

et ry and K_,, the ext ent of flow separation may Also, thle aeroo'vitamie damtping iii pi tci. giv I,% ~
elither inc rease or decrease with increasing reduced #tC1d'A ,in 1)......' i.'g i J ice". 1)1.11i is, * Ios 1 I' -
I reqluency , whereas viscous effects tendl to he sup- tendencyv is stro'ngest ill t" I i ght -tall d'is.t ii.
pressed by unsteady effects below stall. As a result
of these factors, the stal 1-onset regime is at narrow Another disc fngiashig ieature ol thiis rvirrws
It but important one that bridges the no-stall and is the sce if Lte Interact Ion. The vv ct i . I
light-stall domain$, extent o.f thle viscouis zone tends 10 tI rem..in ,ii thi

order of the al rfoi thickness, gen'all, lv It h.mi
Case 5: NASA 00112, % - ' + 9' sin ,It. k = 0.201 fora s tIe. stall. Cons.eqii.ntly. this, ,ls I

oscillhatilng airfoil profilems shldott b.' withlin t )i.
III thle unsteady experiments at M',~, =0.30, it scoie tif z~onaI metthotds or I li -1 ayt' Mac le-Si 'l-!

thin Longue tof reversed flow akin to that of Case 4 taletilat ions withI relat ively st raighilfotrwaid itilil

was observed on the rear of the MACA 0012 airfoil lettee mtodeIling.
for 11' < ama 13.')". For It < 0.05, this situa-

ion al so existed for aiax m 14%, but when the The qualitative behavior of Ilighit stall is
teiti ited f retltiene y was inc reasedl above 0.10O, uinusualI kttowtn to be esp'c ially sens it iv e to a itoi ge'sl-

separation-I ike btoundary-layer disturbances onigi- ct ry, reduced frequency, maximum incidence. i.nd Not,

nat,'d In the upper leading-edge region and propagated numbher; also, three-iimensionalI elf cts andthei. li.
downstream. The boundary-layer instrumentation of motion are probably important. The quant itat i~
indicated neither reversed flow oiver the whole at r- ba'havior Is tclose ly related to t he boUantl.%ur'- I ave
foil nor complIete separat ion in the sense oif a large- separat ion eharat t.r isli s (for a'xamplI,, 1.I11il-.
seal e breakdfown of the flow, but the thickening of e'dgte versus tralIi ng-cefgu sopartat ioii) :iatI to 'It,

he viscous layer was sufficient to cause sign ificant change's In thi s separat ion behavi~'or witlf i
1 1 3  

k.
distortions in the uipper-surface pressure distribo- and M_, Therefore, the possible test casets .3t,

I ions and In the hysteresis loops (if C, and tI ' numserous and varied. For the sake' of s imp lie itv'
versus a. This is indicated by the bo~d curves however, this sect ion will contentrtate ,tn lth'
in FIg. ). teffect s of reduced frequiency ont two ailt- .il s oii,

airfoll with tralling-'dg' Sep-art len1 .liaractvl k.
Fi gore 10 shows the harmon ic components oif the tIct. aund tine wit tl ad log-i'dge s..ia rat Io oa .,,,''

pressure tdistr ibut ion for this case,. All four parts



The former is represented by Case 6, discussed Case 8: NACA 0012. a - I0' - 10
° 
sin wt, k 0.10

earlier and presented in Figs. 11-13. The important
point here is the suppression of the amount of The right-hand section of Fig. 2 shows one of

trailing-edge separation, and hence the magnitude of the examples of deep dynamic stall for the NACA 0012

the viscous-inviscid interaction, with increasing airfoil. The contrast with the static behavior and

frequency. As a result of this unsteady effect, with the other unsteady stall regimes is readily

Case 6 passes from light-stall behavior for k < 0.10 apparent.
to stall-onset conditions for k > 0.15.

Figure 17 shows the unsteady pressure distribu-

Case 7: NACA 0012, a - 10 + 5* sin wt, tion on the upper surface for this case. In partic-

0.025 S k S 0.20 ular, the vortex-shedding phenomenon manifests

itself in the curves at a = 16.20, 18.2'
, 

and
For M_ < 0.2, the light-stall behavior of the 19.40; and the leading-edge suction collapses

0012 airfoil followed the trends of Case 6; that is, abruptly over this interval. The boundary layer

separation was suppressed as k increased. However, separated initially from the leading-edge region at

at M_ = 0.30 the severity of the stall increased this frequency, starting at a z lb
°, 

or wt Z 40'.
with increasing k, as the mild trailing-edge separa- This represented a change from abrupt trailing-edge
tion at low frequency gave way to the separation- stall' at k < 0.05.

like leading-edge disturbances that were noted for
Case 5 for k > 0.15. Case 9: NACA 0012. a = 150 + 5' sin wt,

0.005 ! k < 0.20
The attendant changes in the lift and pitching

moment behavior are shown in Fig. 14, which provides One particular reduced frequency of this set
a striking contrast to the VR-7 data in Fig. 13. of data, k - 0.15, produced results almost identical

The upper-surface pressure disturbances are given in to those of Case 8 over the portion of the cycle for
Fig. 15. For k - 0.025, the curves generally which a > as . Figure 18 shows the time histories

resemble those of Fig. 12, but the results at of a , CL , an3 CM and the corresponding hysteresis
k = 0.20 are an exaggeration of those shown in loops of CL and CM versus a superimposed on
Fig. 9. those of Case 8. The agreement between these cases

is remarkable; but it should be emphasized that the
The maximta lift rose monotonically with k results match this well only when tle time histories

for both the 0012 and VR-7 airfoils, as shown in of a agree.1

Fig. 16. However, the figure shows that the trends and
(f CMmin are quite different for k > 0.10. as the Figure 19 shows the growth f Cmax clgit

stall became more severe for the 0012 section. In with reduced frequency for the NACA o)2, along with
fact, the behavior of CM versus a at k = 0.20 tre vt es of reslts f tie fo l n ote
and the near-collapse of the leading-edge suction,
Fig. 15b, are characteristics that approach those worthy, as they are considerablv larger than 1h5

of deep dynamic stall, which is the next level in light-stall results shown it Fitg. 16.
the hierarchy.

Case 10: Vertol VR-7, ki - 15" + 5 sin t,

0.025 5- k ; 0.20
Vi. Deep Dynamic Stall: Viscous Dominated

At lower Mach numbers, the VR-7 airfoil exhib-
General Features Ited trailing-edge separation hehavior throughout

the light-stall and deep-stall regimes.
1 

llowevet,
The time-dependent stall behavior in this regime at M_, = 0.30 an interesting change occurred in tht

is characterized by the shedding of a large vortex- boundary-layer characteristics from trailing-dge
like disturbance from the leading-edge region and separation to a mixed leading- and trai l ing-edge
the passage of this vortex over the upper surface of stall, as the vortex shedding phenomenon irwre..-ad
the airfoil-l 5

- 7 This produces values of CL , CM, In intensity with increasing k. The lift and
and CD  that are far in excess of their static moment data for this case are shown in Fig. 20 anud
counterparts when a is increasing, and large amounts tile boundary-layer results are shown in Fig. 21.
of hysteresis occur during the rest of the cycle.
Tile scale of the interaction zone Is also largei the The effects of vortex shedding first alpea r','d
thickness of the viscous layer is of the order of at k z 0.05, with a weak vortex originating atroutdi
the airfoil chord during the vortex-shedding process. midchord. The flow reversal that preceded this vet-
This poses potential problems in grid generation, tex formation progressed slowly upstream from it,,
spatial resolution, and turbulence modeling for trailing edge, as indicated In Fig. 21. However, a
numerical analyses, conversion to leading-edge stall began for-k 0.1',

with a much stronger vortex originating at x 0.02.

This quali tative picture appears to hold over It is the distortions in the chordwlse pressure
a wide range of unsteady flow conditions, airfoil distribution due to this transient vortex that pro-
geometries, Reynolds numbers, and Mach numbers, pro- duce the large values of the pitching moment that
vided strong shock waves do not develop.

1
'
7 

The are indicated in Figs. 19 and 20.

quantitative behavior of the flow depends primarily
on the time history of the angle of attack for the
portion of the cycle when a exceeds the static VII. Concluding Remaks
stall angle, Lt. This feature and other details of

the flow behavior will become evident in the follow- The 10 cases described In the previous sect ion,
ing examples. illustrate most, although by no means all, ,I It,

4 low BONN '
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Fig. 1 Airfoil cross sections.
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Fig. 2 Four regimes of unsteady airloads on the NACA 0012 airfoil; solid lines denote i.cr,
angle of attack, dashed lines decreasing a, dotted lines static data.
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Fig. 3 Sketch of the flow due to thickness, camber,
and angle of attack on an oscillating airfoil.
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Fig. 4 Unsteady pressures and airloads for Case 1; NACA 0012 airfoil, a - 50 + 5
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Fig. 5 Harmonic components of unsteady pressures for Case 1; NACA 0012 airfoil, a - 5 + 5' sin ,t.
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Fig. 7 Harmonic components of unsteady pressures for Case 3, NACA 0012 airfoil, a =8' + 5* sin .
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Fig. 10 Harmonic components of unsteady pressures for Case 5; NACA 0012 airfoil, a 9' + 5' sin .t.
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Fig. It Reversed flow boundaries on the VR-7 airfoil, Case 6; a 100 + 5' sin .t.
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Fig. 12 Unsteady pressuresi for Case 6; VR-7 airfoil, 1(' + - ilt
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Fig. 14 Unsteady airloads for Case 7; NACA 0012 airfoil, a = 100 + 5* sin wt.
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Fig. 15 Unsteady pressures for Case 7; NACA 0012 airfoil, a = 100 + 5* sin wt.
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Fig. 16 Maximum lift and moment values on the NACA 0012 and VR-7 airfoils for a -10' + 5' sin t.
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Fig. 17 Unsteady pressures for Case 8; NACA 0012
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Fig. 18 Unsteady airloads on the NACA 0012 airfoil. Cases 8 and 9.
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